INTRODUCTION
Dopamine plays a key role for the operation of the basal ganglia, an evolutionary conserved structure involved in action selection and procedural learning (Redgrave et al., 1999; Stephenson-Jones et al., 2011 Robertson et al., 2014; Grillner and Robertson 2016) . The dopamine neurons of substantia nigra (SNc) project not only to the basal ganglia, but also directly to different motor centers in the midbrain (superior colliculus, tectum) and brainstem. This applies to vertebrates from mammals to the lamprey, belonging to the oldest group of now living vertebrates (Takada et al., 1988a (Takada et al., , 1988b Campbell and Takada, 1989; Campbell et al., 1991; Ryczko et al., 2013 Ryczko et al., , 2016 Pé rez-Ferná ndez et al., 2014; Sá nchez-Camacho et al., 2002; Tay et al., 2011) . The dopaminergic innervation of the different motor centers should therefore be expected to contribute directly to the operation of these circuits in parallel with the widely studied striatal projection (Pombal et al., 1997; Gerfen and Surmeier, 2011) . However, these direct projections have largely been overlooked, and little is, as yet, known concerning their role in the control of motor behavior independently of the basal ganglia.
Our aim here is to analyze how the direct dopaminergic input from the SNc affects the optic tectum, the region in lamprey corresponding to the superior colliculus, taking advantage of the detailed knowledge of this structure in the lamprey. This area represents one of the essential elements of the ancestral circuitry for goal-directed behavior and is highly conserved throughout vertebrate phylogeny. In the lamprey, as in all vertebrates, this region has a laminated structure that controls eye movements as well as orienting and evasive trunk movements that contribute to steering during locomotion (Sparks, 2002; Saitoh et al., 2007; Kardamakis et al., 2015 Kardamakis et al., , 2016 . Afferents from the retina terminate in the superficial layer of the optic tectum forming a retinotopic map (Jones et al., 2009) . Neurons in the deep layer receive this visual information and project to the brainstem, forming a motor map responsible for the coordination of eye, head, and body movements (Saitoh et al., 2007) . Retinal input also excites GABAergic interneurons, which allows a stimulus selection mechanism through synaptic integration of local retinotopic excitation and global tectal inhibition (Kardamakis et al., , 2016 . Furthermore, there is a reciprocal connection between the optic tectum and SNc (Comoli et al., 2003; Pé rez-Ferná ndez et al., 2014) allowing for tectum also to influence SNc.
We now show that the neurons in the lamprey SNc (posterior tuberculum; see Pé rez-Ferná ndez et al., 2014) are activated by visual stimuli (looming and bars) and the more salient the stimulus, the larger the response. The same stimulus also evokes motor responses mediated through tectum (eye, orienting or evasive moments). Individual SNc neurons project to both striatum and tectum, and tectal neurons on their part express either D1 or D2 dopamine receptors. An activation of the SNc leads to an increased response in D1-expressing neurons, whereas D2-expressing cells are depressed. The direct dopaminergic input to tectum will prime the processing of incoming visual stimuli before the modulatory effects via the basal ganglia take place. The SNc thus exerts a powerful modulation of the visuomotor transformation within the optic tectum, independently of the basal ganglia, that is reflected in the motor output evoked by visual stimuli.
RESULTS

The SNc Provides Dopaminergic Input to Tectum in Parallel with Striatum
The SNc sends an abundant dopaminergic innervation to the optic tectum ( Figure 1A) , with fibers close to the somata of neurons in the deep layer and more sparse distribution in the superficial layer (Figures 1Bi and 1Bii ; see also Pé rez-Ferná ndez et al., 2014) . Accordingly, in situ hybridization revealed strong D1 and D2 dopamine receptor (D1R and D2R, respectively) expression in the deep layers (Figures 1Biii and 1Biv ; see also Pé rez-Ferná ndez et al., 2014) . D1R-and D2R-expressing neurons were also observed in the superficial layer, where the GABAergic interneurons are located that provide feedforward inhibition and allow for spatiotemporal discrimination (Kardamakis et al., , 2016 . (iv) , and the abundant TH-positive fibers found in this region (ii). Scale bars: (ii), 150 mm; (iii) and (iv), 100 mm. (C) In the SNc (left), TH-positive neurons (red) were retrogradely labeled after neurobiotin injections in the tectum (green). Scale bars: 25 mm (D) The same individual SNc neuron is retrogradely labeled following both injection of dextran amine in the tectum (red), and neurobiotin in the striatum (green). Scale bars: 25 mm. (E) Schematic illustrating that individual SNc neurons project to both the striatum and tectum. Abbreviations: SNc, substantia nigra pars compacta; OT, optic tectum; SL, superficial layer; DL, deep layer.
To investigate whether the SNc is the only source of dopamine input to tectum, we performed neurobiotin injections in tectum combined with tyrosine hydroxylase (TH) immunohistochemistry (n = 5). The only retrogradely labeled neurons that expressed TH were found in the SNc, mainly ipsilateral to the injection site, although a few contralateral projection neurons could also be observed. Most of the SNc neurons retrogradely labeled from tectum expressed TH ( Figure 1C) , thus, confirming their dopaminergic identity.
To examine whether the same neurons project to both the optic tectum and the striatum, different tracers were injected in these two regions. Cells in the SNc were retrogradely labeled with both tracers ( Figure 1D ), thus showing that individual neurons project to both areas ( Figure 1E ), as in mammals (Takada et al., 1988a) . These results show that SNc activity will affect the basal ganglia and tectum in parallel.
Activity in the SNc Increases in Parallel with Saliency of Visual Stimuli
The lamprey SNc has the same overall connectivity as in mammals, suggesting functional similarities . The SNc receives projections conveying information from all sensory modalities investigated, and this also includes a direct tectal input as in mammals (Redgrave et al., 2010; Pé rez-Ferná ndez et al., 2014) . This direct pathway has been proposed to activate the SNc in response to novel and salient events (Comoli et al., 2003) .
Since our anatomical results suggested that the SNc can influence the sensorimotor processing performed by tectum, we examined whether saliency could activate SNc neurons (meaning here the ability of a stimulus to stand out among the rest). By using a preparation that maintains the eyes and the electrosensory organs together with the brain (Figure 2A , see also Kardamakis et al., 2016) , we first tested whether sensory stimuli could activate SNc neurons. Both pulses of light (1 s duration) and electrosensory stimulation applied in the surrounding bath (5 ms duration) evoked bursts of activity in SNc neurons ( Figure 2B ; n = 2).
Once confirmed that the lamprey SNc responds to sensory stimuli, we tested whether it signals salient visual events by presenting visual stimuli while recording SNc neurons. A screen was placed in a lateral position in front of one of the eyes ( Figure 2C ). A saliency paradigm was developed, using looming stimuli at increasing expansion speeds, which can be interpreted as an object approaching the animal. The looming stimuli consisted of a black dot growing in size on a white background until filling the screen ( Figure 2C, bottom) . Four different expansion rates were used. The duration of the stimulus ranged from 33.8 s to 0.325 s (see Movie S1). Figure 2D shows four traces recorded in the SNc in response to looming stimuli from the lowest (33.8 s; the whole trace is shown in Figure S1 ), to the highest expansion rates (0.325 s). Interestingly, the overall activity evoked in the SNc increased significantly in parallel to the expansion rate of the stimulus, and at the lowest speed no evident response was detected, apart from the tonic activity that could be observed under control conditions throughout the recordings ( Figure 2D ). As the speed (and therefore saliency) of the stimulus increased, the evoked responses in SNc neurons augmented. The plot in Figure 2E shows the normalized combined responses of the different experiments (n = 9), calculated as the amplitudes of the rectified evoked signals. It increased significantly in parallel with saliency. The results using this saliency paradigm indicate that, as in the mammalian SNc (Schultz, 2016) , neurons in the lamprey SNc may be coding salient events, thus providing an evolutionary basis for saliency detection.
Dopamine Differentially Modulates D1 and D2 Receptor Expressing Neurons in the Deep Tectal Layer
To investigate the functional role of dopamine in the optic tectum, we analyzed the effects of sequentially applying D1R (C) Using a novel eye-brain preparation, visual stimuli were presented on a screen while performing extracellular recordings in the SNc. A looming stimulus, consisting of a black dot growing until filling the screen and then shrinking again, was applied at different expansion rates to test whether the SNc is coding for saliency. A sequence of representative frames is shown at the bottom of the figure. See also Movie S1. (D) At the lowest speed (green), the applied looming stimulus did not evoke any response in the SNc. However, with increased looming speeds the SNc showed sharper responses. See also Figure S1 . (E) Plot illustrating the increase of SNc activity in parallel with increasing looming expansion speeds (shown here as increase in diameter), as reflected by the amplitudes normalized to the maximal response (mean ± SEM).
Figure 3. Dopamine Modulates the Excitability of Tectal Output Neurons
(A) Graph illustrating the number of evoked spikes in response to a series of increasing depolarizing current injections in control conditions (black), after applying SKF 81297 (red), and after 30 min washout (green). For the same current injection, the number of APs evoked under control conditions (black trace), drastically increased after D1R agonist application (red trace). The number of APs partially reduced again after washout (green trace). (B) Hyperpolarizing current injections revealed the existence of PIR in some output neurons, and D1R agonist injection drastically increased the number of spikes (red), when compared to control (black). (C) Plots showing the quantification of the evoked number of spikes after depolarizing current injections (black) for the combined data of the D1R agonist responding cells (red). Data were normalized to the maximal number of spikes evoked. The same plot is shown for the increase in the number of PIR spikes. (D) Graph showing the number of evoked APs after increasing depolarizing current injections for an output neuron (black), which was considerably reduced after quinpirole application (blue). The same neuron did not respond to the D1R agonist (red). A representative trace is shown for the same neuron under control conditions (black), and after D1R (red) and D2R agonist application (blue). (E) Traces showing the number of evoked PIR spikes after hyperpolarizing current injections in a representative output neuron (black), which were drastically reduced after quinpirole application (blue).
(legend continued on next page) and D2R agonists during whole-cell patch-clamp recordings of deep layer output neurons. Since D1R agonists preferentially enhance excitability at membrane potentials close to spike threshold in the mammalian and lamprey striatum (Herná ndez-Ló pez et al., Ericsson et al., 2013) , we held the cells at more depolarized holding potentials ($À60 mV) to avoid the possibility of false negatives. After application of the D1R agonist SKF 81297 (10 mM), a subpopulation of output cells (n = 18/42) became more excitable, increasing the number of action potentials (APs) evoked for the same current injection ( Figures 3A and 3C, top) , on average 156.2% ± 9.5% with respect to control. The black trace in Figure 3A shows the APs evoked under control conditions in response to a depolarizing current injection, and the red trace the marked increase in the number of APs after application of the D1R agonist. These effects could be partially reversed after $30 min of washout (green trace). Application of the D2R agonist quinpirole to these cells (1 mM) did not affect their excitability ( Figure S2 ). The graph in Figure 3C (top) shows a comparison of the normalized number of spikes evoked under control conditions (black) and after the D1R agonist application (red). In some cells responding to the D1R agonist (n = 4), hyperpolarizing current injections at a depolarized baseline (À50 to À60 mV) revealed a postinhibitory rebound (PIR; Figure 3B , top) that eventually also evoked APs. Application of SKF 81297 drastically increased the number of PIR APs in these cells by 220.5% ± 28.8% (Figures 3B and 3C, bottom) .
A different subpopulation of cells (n = 20/42) responded to the D2R agonist quinpirole exhibiting a remarkable reduction in the evoked discharge of APs for the same range of current injections (Figures 3D and 3F, top) , to an average of 64.3% ± 4.2%. In these cells, the evoked discharge after a depolarizing current injection under control conditions ( Figure 3D , black trace) was not affected by application of SKF 81297 (red trace), but was significantly reduced after application of quinpirole (blue trace). Unlike for SKF 81297, the effects of quinpirole could not be reliably reversed. In a subset of cells (n = 6) that exhibited PIR, quinpirole also drastically reduced the number of APs after hyperpolarizing current injections to 10.3% ± 6.6% (Figures 3E and 3F, bottom) . In some neurons (n = 4), excitability was not affected by either the D1R or the D2R agonist, indicating that a few deep layer neurons do not express dopamine receptors and/or are not modulated by dopamine.
These results show that D1R-and D2R-expressing cells represent two different groups. Although the D1R agonist effects could only partially be reversed, and the D2R agonist effects could not be washed out, the segregation between both subpopulations was evident when the non-effective agonist was applied first (i.e., the D1R agonist applied first to a cell responding to the D2R agonist and vice versa, Figures S2A and S2B ). The output neurons in the deep layer of the optic tectum can thus be divided into two subpopulations differentially responding to dopamine with opposite effects on their excitability.
The segregation of neurons responding to the D1R or the D2R agonist, and the opposite effects evoked, raised the question of their different roles. Tectal cells targeting the reticulospinal neurons can be subdivided into ipsilaterally (iBP) and contralaterally (coBP) projecting neurons , and one possibility could be that the D1R and D2R are differentially expressed in these two subpopulations, although the number of D1R-and D2R-expressing cells is similar ( Figure 3G ), and coBP cells are fewer than iBP ( Figure 3H ; Kardamakis et al., 2015) . iBP and coBP cells show different morphology, and patch-clamp recordings combined with intracellular injection of neurobiotin (n = 10) showed that output neurons with iBP morphology could respond to either the D1R or the D2R agonist ( Figure 3I ). It could still be possible though that coBP cells express only one of the receptors, and to test this we performed patch-clamp recordings on tectal output neurons prelabeled from the contralateral middle rhombencephalic reticular nucleus (MRRN). However, coBP neurons responded to either the D1R or the D2R agonist ( Figure 3I ), suggesting a different modulatory mechanism of the tectal motor output.
Cellular Effects of the Activation of D1R-and D2R-Expressing Output Neurons
The marked excitability changes observed in tectal output neurons raised the question of what effects D1R and D2R activation has on cellular properties. We pooled the data into a ''D1R'' and a ''D2R'' group based on whether the neurons responded to the D1R or the D2R agonist ( Figure S3F ). Application of the D1R agonist significantly depolarized D1R cells and shifted the threshold for APs, apart from reducing spike amplitude (Figure S3F) . Regarding D2R cells, no significant effects could be observed on the resting membrane potential after quinpirole, but the threshold for APs was significantly shifted, and the AP amplitude was reduced ( Figure S3F ).
The dopamine effects have been shown to depend on the holding potential. D1R agonists preferentially enhance excitability at depolarized membrane potentials in the mammalian striatum, while decreasing excitability of striatal neurons at hyperpolarized membrane potentials ($À80 mV; Herná ndez-Ló -pez et al., Ericsson et al., 2013) . D2R agonists, on the other hand, have been predicted to be voltage dependent in mammals (Herná ndez-Ló pez et al., 2000), although no significant differences were observed either in the lamprey or in birds (see Ericsson et al., 2013) . To examine the possible voltage-dependent dopamine effects in tectum, we held output neurons at more hyperpolarized levels ($À80 mV; n = 8). For D1R cells, the increase in excitability was evident under these conditions (132.5% ± 2.3% compared to control), but for D2R cells the decrease in excitability was much less at À80 mV (89.5% ± 3.7% compared to control) than at À60 mV (see above). The number of spikes evoked at À60 mV increased for the same range of depolarizing current injections after D1R agonist application (Figures S3A, left, and S3Bi) , and this increase was also significant at À80 mV (Figures S3A, right, and S2Bii) . Figure S3C shows the number of spikes evoked in a cell held at À60 mV or at À80 mV that responded to the D2R agonist. The reduction was more marked when the cell was depolarized than at a more hyperpolarized membrane potential, although significant in both cases, as shown also in Figures S3Di and S3Dii (for the same neuron held at À60 mV or À80 mV, respectively). The normalized number of APs under control conditions (black) and after applying the D1R (red) or the D2R agonists (blue) is summarized in Figure S3E .
SNc Activation Modulates the Excitability of Deep Layer Output Neurons
Knowing that the dopaminergic modulation of tectum arises in the SNc, we analyzed the electrophysiological effects of evoking dopamine release from SNc terminals, and whether the same strong effects observed by applying dopamine agonists could be elicited by SNc stimulation. Dopaminergic fibers from the SNc reach tectum vertically close to the ventricle ( Figure S4 ). Thus, thick sections ($650 mm) were cut in a transverse-oblique angle, maintaining the SNc, and at the same time exposing tectal deep layer cells for patch-clamp recordings ( Figure 4A ). A tetanic SNc stimulation (10 s, 10 Hz) aimed to evoke long-lasting dopamine release in tectum was performed.
In a subgroup of cells (n = 5/8), SNc stimulation evoked a significant reduction in the discharge evoked by a given depolarizing current injection (65.9% ± 5.7% of the control response; graph in Figure 4B , see also Figure 4D , top). The number of APs under control conditions ( Figure 4B , black trace) was reduced after SNc stimulation for a given depolarizing current injection (brown trace). To ensure that this reduction was really caused by SNc stimulation, we allowed a subset of cells (n = 2) to recover, and after $15 min, the evoked discharge rate was even slightly higher than in control conditions (see graph and green trace in Figure 4B ). We subsequently applied the D2R agonist quinpirole in one cell, which elicited the same effect as SNc stimulation ( Figure 4B , blue trace), showing that the reduction observed was due to dopaminergic modulation. In two cells, PIR spikes were also observed after hyperpolarizing current injections ( Figure 4C , top), which were drastically reduced to a 38.5% ± 10.7% after SNc stimulation ( Figure 4C , bottom, see also Figure 4D , bottom).
SNc stimulation elicited instead a drastic increase in the evoked discharge in a different population of cells (155.4% ± 10.4%; n = 3/8). The number of spikes evoked after a series of increasing depolarizing current injections increased markedly after SNc stimulation (Figures 4E and 4G) . One of the cells that showed increased excitability also exhibited PIR. SNc stimulation increased the number of PIR APs evoked by hyperpolarizing current injections ( Figure 4F ) with 155.6%. These experiments provide further support that the SNc effectively can modulate the excitability of tectal output neurons.
The Responsiveness of Tectal Output Cells to Sensory Stimuli Is Modulated by Dopamine
In the lamprey, the deep tectal layer receives sensory information, including vision and electroreception, which is integrated at the single-cell level to send motor commands to brainstem areas (Kardamakis et al., 2016) . To examine how dopamine modulates this integration, we performed patch-clamp recordings of output neurons using a sagittal preparation that allowed stimulation of sensory afferents from either the retina or the electroreceptive octavolateral area, while sequentially applying D1R and D2R agonists ( Figure 5A ). Stimulation of the optic tract (10 Hz; Figure 5A ), holding output cells at resting membrane potentials, evoked EPSPs and usually also APs ( Figures 5B, black  traces) . However, in some cases it was necessary to hold the cells at a more depolarized membrane potential ($À60 mV) to elicit APs. Application of the D1R agonist SKF 81297 increased spiking probability in a subgroup of cells (n = 4/7), giving rise to a dramatic increase in the number of total APs evoked by the train of nine pulses (eight pulses plus recovery; Figure 5B , top). Figure 5C shows the mean number of spikes evoked for each of the nine pulses applied (ten repetitions in control and after drug application), for the neuron shown in Figure 5B . On the other hand, a strong reduction in the likelihood of eliciting spikes was observed in a different subgroup of cells (n = 3/7) after application of the D2R agonist quinpirole ( Figure 5B , bottom traces). Figure 5C (bottom) shows the mean number of spikes for each impulse before (black) and after (blue) D2R agonist application. Figure 5D shows a comparison of the normalized number of spikes before (black), and after application of SKF 81297 (red; left; increase by 616.3% ± 93.8% compared to control) or quinpirole (blue; right; the number of evoked spikes was reduced to 24.8% ± 16% compared to control).
Using the same preparation, we stimulated the incoming fibers from the octavolateral area that convey electrosensory information to tectum ( Figure 5A ). Application of SKF 81297 increased the probability of evoking spikes in a subgroup of cells (n = 3; Figures 5E, top traces, and 5F, top) . Figure 5G shows a comparison of the normalized number of spikes before (black), and after application of the D1R agonist (red; left; 439.2% ± 32.3% increase). A different group of cells (n = 4) responded with a drastic reduction in the number of APs when the D2R agonist quinpirole was applied (Figures 5E, bottom traces and 5F, bottom). Evoked spikes reduced to 25.7% ± 4% compared to control conditions ( Figure 5G, right) . These results show that dopamine from the SNc affects the response of deep layer cells to the sensory inputs that reach tectum, making the incoming sensory inputs either more or less effective and thereby modulating the motor commands to downstream regions.
Superficial Layer Interneurons Are Also Modulated by either D1R or D2R Agonists
Since both the D1R and D2R are also expressed in interneurons in the superficial layer (see above), we examined the effects of sequentially applying D1R and D2R agonists to these cells. Many of the neurons in this layer are GABAergic and integrate multisensory inputs and provide feedforward inhibition to the deep layer output neurons (Kardamakis et al., , 2016 . Two subpopulations were found that were affected by either the D1R or the D2R agonist. The graph in Figure 6A shows the number of APs evoked by a series of increasing depolarizing current steps for a representative superficial layer interneuron under control conditions (black) and after applying the D1R agonist (red). The discharge evoked in these cells (n = 6) under control conditions ( Figure 6B , black trace) significantly increased after applying the D1R agonist ( Figures 6A and 6B , red trace). These effects could be partially washed out after several minutes ( Figure 6A, green) . In contrast, application of the D2R agonist had no effects. A significant increase of the normalized number of APs was observed after D1R agonist application ( Figure 6C ; 150% ± 22.1%).
Another subgroup of cells (n = 3) responded only to the D2R agonist. It drastically reduced the number of APs elicited when applying increasing depolarizing current steps ( Figure 6D) . Figure 6E shows the response to a depolarizing current step in control (black) and during the application of the D2R agonist (blue; see also Figure 6F ; 55.2% ± 11.1% reduction). As for the deep layer output neurons, the effects of quinpirole could not be washed out, but when the D1R agonist was applied first, no effect was observed on these cells ( Figure 6D, red) .
Altogether, both in the deep and superficial layers there are two different subpopulations, which express either D1R or D2R. Hence, there is a subgroup of output neurons and interneurons whose excitability is enhanced, and a different subgroup whose excitability is reduced by dopamine.
Ventral Root Responses to Visual Stimuli Are Modulated by Dopamine Agonists
Given the strong effects that dopamine agonists have on tectal cells, it was important to examine the downstream effects. The fictive motor response can be recorded from a pair of ventral roots in the rostral spinal cord. Using the isolated eye-brain preparation (see Figure 2C) , we monitored the response to visual stimuli applied with a screen, before and during local application of dopamine agonists in tectum ( Figure 7A , left). Looming stimuli with two different expansion rates (fast looming 650 ms duration, and slow looming 3.4 s duration, including expansion and shrinking) were applied. In addition, moving visual stimulation was applied, using a vertical bar moving both in an anterior-posterior (A-P) and posterior-anterior (P-A) direction with respect to the animal. Once a consistent ventral root response was recorded under control conditions, we performed small injections of the D1R or D2R agonists into the deep layer of tectum (n = 22).
Effects of the D1R Agonist
The most common effect of local tectal injection of the D1R agonist was an activity enhancement in both ventral roots (ipsiand contralateral to the screen) in response to all four types of visual stimuli (Figure 7A , right; n = 5/13, see also Movie S2). Figure 7A (right) shows the response to looming and bar stimuli before (black traces) and after (red traces) D1R agonist application. The evoked activity was significantly higher in the presence of the agonist in both ventral roots ( Figure 7B ; control black, n = 4; after drug application red, n = 3). For all four visual stimuli, the D1R agonist evoked in most cases an enhancement in both ventral roots ( Figures 7A and 7B ). However, in some cases (n = 2), only the activity of the ventral root ipsilateral to the screen was enhanced, corresponding to an orienting response, whereas activity in the ventral root contralateral to the screen remained unchanged (Figures 7C and 7D) . In one case, the D1R agonist gave rise to the opposite asymmetric effect, being an enhancement on the contralateral side, corresponding to an evasive response (data not shown). In two local areas of tectum, ventral root responses were reduced after the D1R agonist injection ( Figures S5A and S5B) , and in one case, the enhancement was observed only in response to some stimuli, whereas others resulted in a reduced response (Figures S5C and S5D) . Effects of the D2R Agonist As for the D1R agonist, the effects of injecting the D2R agonist in tectum depended on the injection site. The most common outcome was a significant reduction in ventral root activity (Figures 7E , right, and 7F; n = 4/9). Figure 7E (right) shows responses evoked by the four different visual stimuli before (black traces) and after local injection of the D2R agonist (blue traces). The 
Figure 6. Dopamine Also Modulates the Excitability of Superficial Layer Interneurons (A and B) Spike count in response to depolarizing current injections in a superficial layer neuron (A). The number of APs for control (black) significantly increased after D1R agonist application (red). The number of evoked APs partially decreased after drug washout (green). Representative traces of this neuron can be seen in (B), for control (black), and after D1R agonist application (red). (C)
Comparison of the total number of spikes for the cells that responded to D1R agonist before (black) and after (red) drug application. (D) In a different group of cells, the number of evoked spikes after a ramp of depolarizing current injections (black), was drastically reduced after D2R agonist application (blue), whereas no effect was observed after applying the D1R agonist. (E and F) Representative traces from the neuron represented in (D), before (black) and after (blue) D2R agonist application. Plot in (F) shows the normalized combined data from the interneurons that responded to the D2R agonist. 
(legend continued on next page)
responses elicited under control conditions were significantly reduced ( Figure 7F ; control black, n = 4; after drug application blue, n = 4). However, in some cases (n = 3), the reduction was observed only for some stimuli, accompanied by an enhancement by other types of stimuli. One of the injections resulted in right ventral root enhancement and a reduction on the left side (data not shown).
The injection sites mapped for the D1R (n = 10/13) and the D2R agonists (n = 8/9) are shown in Figure 7G , together with the effects evoked. The enhancing effects of D1R activation and the suppression by D2R activation are summarized in Figure 7H .
These results show that tectal neurons expressing D1R tend to amplify the motor response to visual stimuli when activated, while the converse is true for cells inhibited through the activation of their D2R. The effects can, however, not surprisingly vary with the location of agonist injection.
The Effects of Dopamine Application
We then tested the effects of dopamine injections in the optic tectum on ventral root activity evoked by visual stimuli (n = 7), which would interact with both D1R-and D2R-expressing cells. As shown in Figure S6A , dopamine itself evoked an overall increase in the responses evoked by the applied visual stimuli, when comparing control conditions (black traces) to the responses evoked after dopamine injection (brown traces). This increase in activity was significant in both ventral roots (Figure S6B) . The effects washed out after 15-20 min ( Figure S6B , see also Figure S6A ). These results suggest that the net effect of dopamine is to increase the sensitivity in tectum to visual stimuli, so that motor responses can be evoked for stimuli that would not be effective under normal conditions.
Visually Evoked Eye Movements Modulated by Dopamine Agonists
Apart from trunk movements, tectum also controls eye movements. The organization of the eye muscles and the eye motor nuclei is similar in lamprey and mammals (see Fritzsch et al., 1990; Ocañ a et al., 2015) . We examined whether dopamine agonists applied at the level of tectum would affect eye movements, using the eye-brain preparation while recording eye muscle activity in response to visual stimuli ( Figure 8A, left) . Electromyograms (EMGs) in three muscles, the dorsal rectus (DR), the rostral rectus (RR), and the caudal rectus (CR), were performed. Once activity was recorded in response to visual stimuli, the agonists were administered locally. D1R agonists resulted in enhanced muscle activity (n = 5/7). Figure 8A (right) shows recordings from the rostral rectus in response to visual stimuli, under control conditions (black traces) and for the marked enhancement after applying the D1R agonist (red traces). The comparison of the average number of spikes before and after drug application and the injection site are shown in Figure 8B .
Administering a D2R agonist instead drastically reduced visual responses (n = 3/4), as shown in the dorsal rectus ( Figures 8C  and 8D , see also Movie S3; injection site in Figure 8D , bottom). One D2R agonist injection ( Figure S7B , bottom) resulted in an enhanced eye muscle response to a slow looming stimulus (Figures S7A and S7B, top) . Also, one D1R agonist injection resulted in eye muscle activity reduction ( Figure S7C ). Figure S7C shows the responses to a slow looming stimulus before (black) and after D1R agonist application (red). A comparison between the average number of spikes before (black) and after drug injection (red) for a specific location (bottom) is shown in Figure S7D . To summarize, D1R agonists tended to amplify the motor response in eye muscles to visual stimuli, whereas D2R instead would reduce the response, but dependent on the site of injection, opposite responses could also be obtained.
DISCUSSION
The optic tectum can perform stimulus selection independently of other brain structures and consequently elaborate motor commands to redirect gaze and decide whether to escape or to attend (Kardamakis et al., , 2016 . However, for a given sensory stimulus, the most beneficial decision for action will depend on the animal's state and the environment. Therefore, mechanisms are needed to provide flexibility in order to adjust the behavioral output. Forebrain structures, including the basal ganglia (Stephenson-Jones et al., 2011) or pallium (cortex in mammals; Ocañ a et al., 2015) , can bias sensorimotor integration in tectum. We now also show that a direct dopaminergic input from the SNc can modulate tectal activity, so that incoming sensory inputs can become more or less effective in generating a motor output.
The SNc Shares Basic Functional Features through Vertebrate Evolution
In mammals, dopaminergic neurons in the SNc exhibit a phasic two-component prediction error signal that has been suggested to reflect saliency and/or detection and reward value, respectively (Schultz, 2016) . The first component is independent of the sensory modality of the stimulus and its reward value, and only its novelty and saliency, meaning here the ability to be recognized over other stimuli, will decide whether that initial activation is triggered or not. This will depend also on the context (D) Quantification of the representative case shown in (C). The average number of evoked spikes for the different visual stimuli (three trials before and after D1R agonist application) is plotted for the right and left ventral roots in control (black) and after drug application (red). Data are represented as mean ± SEM. (E and F) Ventral root responses to four different visual stimuli under control conditions (black traces), underwent a strong reduction (blue traces) after a local injection of the D2R agonist in the deep layer (left) (E). The number of evoked spikes for this case is plotted in (F) (averaged data after four trials in both control conditions and after drug application). Data are represented as mean ± SEM. (G) Dorsal view of tectum contralateral to the visual stimulation, showing the injection sites in the deep layer for the D1R (left) and D2R (right) agonists. The color code used to report the different effects evoked is shown at the bottom. (H) Plots showing the combined data for the three main effects observed: enhancement in both ventral roots (left) or only in one ventral root (middle) after D1 agonist application and reduction of ventral root activity after local deep layer D2R agonist injection (right). The combined number of spikes for the four applied stimuli in control conditions and after drug application was normalized to the maximal response. See also Figures S5 and S6. in which the stimulus is presented (see Schultz, 2016) . This initial dopaminergic component can be activated in a graded manner, so that weakly salient stimuli will generate no or a small initial dopamine activation (Figures 2D and 2E ; Fiorillo et al., 2013) . By using a simple paradigm, we show that SNc responses increase in parallel with saliency.
There is substantial evidence that the optic tectum or superior colliculus conveys saliency and novelty information to the SNc (Comoli et al., 2003; Dommett et al., 2005; Takakuwa et al., 2017) . This structure is highly sensitive to intrinsically salient properties of stimuli (see Mysore et al., 2010) and, accordingly, lamprey tectal neurons exhibit stronger responses to higher contrasts and/or speeds (D.G.S., unpublished data). Thus, it seems that saliency is coded and conveyed to SNc neurons in a similar manner in all vertebrates. In birds, saliency in tectum is coded in interaction with the homolog of the parabigeminal nucleus Marín et al., 2012) .
While this remains to be tested in other vertebrates, it can be noted that a homolog of the parabigeminal nucleus is present in lamprey (Pombal et al., 2001) . Given that the overall connectivity of the lamprey SNc is virtually identical to that of mammals , and that a rewardevaluation circuit has already been identified in lampreys (Stephenson- , these results show that these basic roles of the SNc are present in lampreys and most likely at the dawn of vertebrate evolution.
Dopaminergic Modulation of the Tectal Microcircuit
Our results show a dual organization in tectum regarding the responsiveness to dopamine modulation, with distinct neuronal populations whose excitability is reduced or enhanced respectively. They are intermingled in a fashion that resembles the striatal circuit (Gerfen and Surmeier, 2011) . In lamprey, both in situ hybridization (see also Pé rez-Ferná ndez et al., 2014) and patch-clamp recordings showed that the number of D1R-and D2R-expressing cells is not tangibly different in the deep tectal Plots showing the average number of spikes evoked for three stimuli that were effective in evoking activity after four trials under control conditions (black) and three after drug application (red; mean ± SEM). The injection site is shown at the bottom. (C) Eye muscle activity reduction after a local injection of the D2R agonist in the deep layer. Black traces show activity in the dorsal rectus in response to visual stimuli, which was drastically reduced after drug injection (blue). See also Movie S3. (D) Comparison of the number of evoked spikes in control and after D2R agonist injection for the representative case shown in (C) (location is shown at the bottom, average of three trials both for control [black] and after drug application [blue]; mean ± SEM). See also Figure S7. layer. In mammals, the D1R was reported to have higher expression levels in the superficial visual layers of the superior colliculus, whereas the D2R is more abundant in the deep layers (Bolton et al., 2015) . No obvious differences were observed in the superficial tectal layer in the lamprey, although more cells responded to the D1R agonist.
In mice, cells expressing the D1R in the superficial layer are mostly GABAergic, and similarly in lampreys, the majority of GABA-expressing cells are located at the interface between the intermediate and the superficial layers (Robertson et al., 2007) . Few GABAergic neurons can be found in the deep layer of tectum of either species, and in both cases, they express either D1R or D2R (Bolton et al., 2015) , regardless of whether they project to the ipsi-or the contralateral brainstem. Therefore, the question still remains of what different projections and/or roles D1R-and D2R-expressing neurons may have.
Ionic Mechanisms of D1R and D2R Activation
Although a D4R (belonging to the D2R family) is present in the lamprey (Pé rez-Ferná ndez et al., 2016), only the D1R and D2R are expressed in the optic tectum and the mammalian superior colliculus (Bolton et al., 2015) . Thus, the effects mediated by, for instance, a D2R agonist can be fully attributable to the D2R subtype. Therefore, the lamprey tectum exhibits the same repertoire of dopamine receptors as the mammalian superior colliculus (Bolton et al., 2015) . Dopamine has been shown to affect neurons in the superior colliculus (Bolton et al., 2015) , but the detailed effects of dopamine receptor activation in mammals remains to be investigated.
The changes that dopamine agonists evoked in tectal cells are very similar to those observed in the lamprey striatum (Ericsson et al., 2013) , including the opposite modulation of the excitability of D1R-and D2R-expressing cells, and the strong effect on PIR spikes. The effects evoked on the intrinsic properties are virtually identical. As in the striatum, SKF 81297 gives rise to a more depolarized resting membrane potential (whereas no changes are observed after quinpirole application), and both agonists affect spike threshold and shape. The only difference observed was when comparing the effects at a hyperpolarized potential. The D1R agonist had no effect in the striatum at À80 mV and the D2R agonist effects were voltage independent, whereas in tectum the scenario is the opposite, with the D1R having voltage-dependent effects. Our results therefore suggest that the channels involved are most likely similar to those in the mammalian and lamprey striatum (Gerfen and Surmeier, 2011; Ericsson et al., 2013) . These would include low-voltage-activated L-type calcium channels as well as voltage-gated Na + channels (Herná ndez-Ló pez et al. , 2000 Gerfen and Surmeier, 2011) .
In mammals, dopamine also decreases spiking in cells expressing the D2R (Bolton et al., 2015) . For D1R-expressing cells, dopamine reduced the spikes evoked by stimulation of the visual input and, curiously, application of the D1R agonist SKF 81297 did not have any effect on these cells (Bolton et al., 2015) . This disagrees with our results, given the marked increase in tectal cell excitability, evoked by SKF 81297, but also by dopamine, since SNc tetanic stimulation gave rise to the same effects.
Dopaminergic Inputs Modulate Tectal-Evoked Motor Responses
The presence of D1R-and D2R-expressing cells in both output neurons and superficial layer interneurons, and the retinotopic organization of tectum, anticipates a complex dopaminergic modulation of its motor responses (see also Bolton et al., 2015) . It would seem likely that SNc projections, in analogy with the striatum, affect a large area of tectum, while the detailed tectal output would be due to specific visual or electrosensory inputs arising from different parts of the surrounding space. Accordingly, the use of visual stimuli (looming or bars) revealed a repertoire of motor effects that would most likely not have been obtained otherwise.
We now show that both D1R and D2R agonists can give rise to enhanced or reduced motor outputs, depending on the location of agonist injection and/or the applied visual stimulus. This dual effect of both agonists is not surprising, considering that under natural conditions the excitability of both D1R and D2R neurons would be affected simultaneously through SNc projections. The motor effects of the dopaminergic modulation will depend on the combination of tectal neurons activated by visual stimuli throughout the retinotopic map and their projections. By affecting the responsiveness of tectal cells to sensory stimuli, the combination of tectal cells activated will be changed by dopaminergic modulation and therefore also the motor output.
In ongoing experiments, we have observed different tendencies in evoking visual responses toward or away from the screen (orienting or evasive) when comparing different types of stimuli (D.G.S., unpublished data). Our present results suggest that dopamine modulation can reinforce or shift the likelihood of a visual input of evoking orienting or evasive responses. Dopamine injections suggest that the net effect would be to amplify the responsiveness of tectum to sensory inputs.
The superior colliculus circuitry has been extensively demonstrated to be influenced by the activity of dopaminergic neurons in the SNc (see Kim and Hikosaka, 2015) , an effect thought to be mediated through the basal ganglia both in mammals and lampreys (Kim and Hikosaka, 2015; Stephenson-Jones et al., 2011) . However, some effects in the anticipatory activity tuned by reward in collicular neurons have been shown to occur faster than the basal ganglia modulation (Ikeda and Hikosaka, 2003) . Although the frontal eye fields have been suggested as a candidate for this fast response, it is also possible that a direct dopaminergic projection from the SNc can account for these effects. Interestingly, superior colliculus neurons have been shown to be modulated differentially by reward expectation, with some neurons being enhanced and others depressed (Ikeda and Hikosaka, 2007) . It would be interesting to see whether this effect has some relation to a differential dopaminergic modulation. Given that lamprey SNc neurons respond to salient events, dopamine projections to tectum may also be important to induce a preparatory process so that behavioral responses to important stimuli can be optimized. SNc dopaminergic modulation of tectum may therefore be setting an a priori goal preparing it to more effectively react to future stimuli and, in this way, accelerate orienting or evasive responses. Whether dopamine modulation to some degree is topographically segregated (for instance, rostral versus caudal tectum), was yet not studied. In order to better understand the role of dopamine, additional studies are necessary, in particular investigating how tectal motor commands are transmitted to brainstem gaze centers and translated into eye movements. The effects observed may provide an additional functional substrate for the abnormal saccadic eye movements observed in Parkinson's disease patients (Terao et al., 2013) .
Concluding Remarks
We report that the direct dopaminergic input from the SNc to the tectum can bias motor commands for eye, orienting and evasive movements by tuning the responsiveness of tectal cells to incoming sensory inputs. Moreover, visual stimuli also activate SNc neurons to an increasing degree the more salient the stimulus is. The dopaminergic modulation is conveyed via two subpopulations of neurons in tectum that express either D1R or D2R. SNc projections to the tectum or superior colliculus have been established in most vertebrate groups (see above), and the results obtained here from the lamprey tectum can therefore most likely be generalized to other vertebrates. Since the same SNc neuron sends axonal branches to both striatum and tectum, the inevitable direct effects exerted on tectum will prime the tectal circuitry and complement the indirect effects mediated via striatum. The conclusion is thus that there is a dual control strategy that further amplifies the impact of SNc in the control of movement.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Experiments were performed on 52 adult river lampreys (Lampetra fluviatilis), and 45 young adult sea lampreys (Petromyzon marinus) of both sexes. The experimental procedures were approved by the local ethics committee (Stockholms Norra Djurfo¨rso¨ksetiska N€ amnd) and were in accordance with The Guide for the Care and Use of Laboratory Animals (National Research Council Committee for the Update of the Guide for the Care and Use of Laboratory Animals, 1996) . Animals were kept in aquaria with an enriched environment and water that was aerated and filtered continuously. During the investigation, every effort was made to minimize suffering and to reduce the number of animals used.
METHOD DETAILS
In situ hybridization D1 and D2 receptor templates for in vitro transcription were prepared by PCR amplification Ericsson et al., 2013) . Linearized plasmids (1 mg) were used to synthesize digoxigenin (DIG)-labeled riboprobes. In vitro transcription was performed using the DIG RNA Labeling Mix (Roche Diagnostics, Nutley, NJ, USA) according to the instructions of the manufacturer. The transcripts were purified using NucAway spin columns (Applied Biosystems, Uppsala, Sweden). Lampreys (n = 5) were deeply anesthetized with tricaine methane sulfonate (MS-222; 100 mg/L; Sigma-Aldrich, St. Louis, MO, USA) diluted in fresh water and, heads were transected. Brains were quickly removed and fixed in 4% paraformaldehyde in 0.01 M phosphate buffered saline (PBS) overnight at 4 C. Subsequently, they were cryoprotected in 20% sucrose in 0.01 M PBS overnight, and 20 mm thick transverse tectal sections were obtained in a cryostat and immediately used for in situ hybridization. Sections were left at room temperature for 30 min, washed in 0.01 M PBS, acetylated in 0.25% acetic anhydride in 0.1 M triethanolamine, pH 8.0, for 5 min, washed in 0.01 M PBS, and prehybridized (50% formamide, 5X SSC, pH 7.0, 5X Denhardt's solution, 500 mg/mL salmon sperm DNA, and 250 mg/mL yeast RNA) for 2-4 h at 60 C. DIG-labeled D1R or D2R probes were prepared and added to the hybridization solution to a final concentration of 500 ng/mL, and hybridization was carried out overnight at 60
C. An RNase treatment (Roche Diagnostics; 20 g/mL in 2X SSC) was performed for 30 min at 37 C after stringent washes in SSC. After additional washes in maleic acid buffer (MABT), pH 7.5, the sections were incubated overnight at 4 C in anti-DIG Fab fragments conjugated with alkaline phosphatase (1:2000; Roche Diagnostics) in 10% heat inactivated normal goat serum (Vector Laboratories, Burlingame, CA, USA). Several washes in MABT were performed, and the alkaline phosphatase reaction was visualized using NBT/BCIP substrate (Roche Diagnostics) in staining buffer (0.1 M Tris buffer, pH 9.5, containing 100 mM NaCl and 5 mM levamisole). The staining process was stopped with washes in PBS. Sections were subsequently dehydrated and mounted with DPX (BDH). Stimulation of the octavolateral, retinal, and SNc afferents was performed with the same borosilicate glass microcapillaries used for patch recordings, connected to a stimulus isolation unit (MI401; Zoological Institute, University of Cologne). The stimulation intensity was set to one to two times the threshold strength (typically 10-100 mA) to evoke PSPs.
Morphology
Deep layer neurons were intracellularly injected with 0.3-0.5% Neurobiotin (Vector Laboratories) during patch clamp recordings. Brain slices were fixed overnight in 4% formaldehyde and 14% picric acid in 0.1 M PB. Following a thorough rinse in PBS, the slices were incubated in streptavidin-Cy2 (1:1000, Jackson ImmunoResearch) in 0.3% Triton X-100 and 1% BSA in 0.1 M PB for 2 hr at room temperature. The slices were then rinsed in 0.01 M PBS and mounted in glycerol containing 2.5% DABCO (Sigma). Labeled cells were analyzed by either confocal or conventional fluorescence microscopy.
Experimental preparation for visual stimulation
To allow for recordings in SNc, ventral roots, and eye muscles while applying visual stimuli, we developed a preparation exposing the brain and the rostral segments of the spinal cord maintaining the eyes intact. For this, we first transected the head of animals deeply anesthetized with MS-222 (100 mg/L; Sigma), and then the dorsal skin and cartilage were removed to expose the brain and spinal cord. The viscera and all muscles were removed to avoid movements. The preparation was pinned down in a transparent cooling chamber continuously perfused with aCSF at 6-8 C, placed $15 cm high so that one of the eyes was facing the center of a computer screen placed in a lateral position at a $30 cm distance from the preparation.
The different visual stimuli were written in MATLAB using the Psychophysics Toolbox extensions (Brainard, 1997; Pelli, 1997) , and a Master-8 programmable pulse generator (AMP Instruments LTD) was used to coordinate the visual stimuli in the screen with the electrophysiological acquisition software pClamp (version 9.2).
All experiments were carried out in darkness, so that the only source of light was the computer screen, and prior to each experiment, the preparation was left to adapt for at least 30 min with a white screen (used as a background for all the applied stimuli). Visual stimulation consisted of black dots growing on the screen with different expansion rates (looming; see Results to see the different durations), and a black vertical bar moving from rostral to caudal, or from caudal to rostral with respect to the animal (with a total stimulus duration in both cases of 2.1 s). The color and other features were chosen because of their effectiveness to evoke ventral root and/or eye muscle responses.
For recording neural activity in the ventral roots, suction electrodes made of the same glass capillaries as for patch clamp recordings were used, connected to a 4-channel MA 102 amplifier (Elektroniklabor, Zoologie, University of Cologne). Electromyograms (EMGs) were recorded using tungsten microelectrodes ($1-5 MU) connected to a 4-channel MA 102 amplifier and a MA 103 preamplifier (Elektroniklabor, Zoologie, University of Cologne). Both for ventral root recordings and EMGs, signals were digitized at 20 kHz using pClamp (version 10.2) software.
For testing if the SNc responded to light and electrosensory stimuli, the head was transected from animals deeply anesthetized with MS-222 (100 mg/L; Sigma) and the dorsal skin and cartilage were removed to expose the brain, keeping the electrosensory receptive organs in the rostrolateral part of the head. All muscles in the ventral part were removed, and the neuromuscular blocker a-bungarotoxin (12.5 mM; Sigma) was locally injected in the muscles that were not removed to avoid movements that could destabilize the preparation. Visual stimulation was performed with flashes of light (1 s duration), using a 100 mm diameter optic fiber connected to a standard LED light source. An electric field was generated using two copper wires connected to a stimulus isolation unit (MI401; Zoological Institute, University of Cologne), and submerged in the aCSF at a distance of 5-10 cm from the preparation (see also Kardamakis et al., 2016) . Electrosensory stimulation was presented as brief pulses (30 ms in duration) with intensities between 10-100 mA.
For electric stimulation of the retina and the anterior line nerve (ALLN), the procedure was the same, but the cartilage of the otic capsule was removed in order to expose the ALLN. The stimulation was performed by using borosilicate glass microcapillaries connected to a stimulus isolation unit (MI401).
Drug applications
During ventral root and EMG recordings, the D1R agonist SKF 81297 [(±)-6-Chloro-2,3,4,5-tetrahydro-1-phenyl-1H-3-benzazepine hydrobromide; 10 mM; Tocris, Bristol, UK], or the D2R agonist quinpirole hydrochloride 4a, 5, 6, 7, 8, 8a, quinoline hydrochloride; 20 mM; Tocris] were locally applied in the deep layer of the optic tectum by pressure injection through a micropipette fixed to a holder (containing Fast Green to aid visualization of the injection spread), which was attached to an Picospritzer-II Microinjection Dispense System (Parker, Hollis, NH, USA). The holder was connected to a MP-285 motorized micromanipulator connected to a rotary optical encoder (ROE-200) through a MPC-200 controller (Sutter Instruments, Novato, CA, USA), so that the position of the pipette could be monitored to ensure precise drug injections in the deep layer. Dopamine (dopamine hydrochloride, 25 mM; Sigma) injections were also performed using the same method, combined with L(+)-ascorbic acid (20 mM; Tocris) to prevent oxidation. For patch-clamp recordings, D1R and D2R agonists were bath applied.
Image Analysis
Photomicrographs were taken with an Olympus XM10 digital camera mounted on an Olympus BX51 fluorescence microscope (Olympus Sweden). Illustrations were prepared in Adobe Illustrator and Adobe Photoshop CS4. Images were only adjusted for brightness and contrast. Confocal Z stacks of optical sections were obtained using a Zeiss Laser scanning microscope 510, and the projection images were processed using the Zeiss LSM software, ImageJ and Adobe Photoshop CS4.
QUANTIFICATION AND STATISTICAL ANALYSIS
For all electrophysiological recordings, data analysis was performed using custom written functions in MATLAB. For whole recording analysis, the effects of the drugs on the excitability were evaluated by comparing the number of APs for the same ramp of depolarizing current injections. For those cells that also exhibited PIR spikes, the effects of drugs were assessed by comparing the number of spikes in response to consecutive hyperpolarizing current injections from $À100 mV baseline. Input resistance was calculated from the current-voltage plot from 3-5 hyperpolarizing current steps. The intrinsic properties were in all cases extracted from cells held at a depolarized baseline to make sure that the possible voltage-dependent effects evoked by the drugs were taken into account.
For EMGs and ventral root recordings, the number of spikes was quantified to be compared before and after drug application. For recordings in the SNc, the maximum amplitudes were measured after rectifying the signals.
For statistical analysis, we used two-sample unpaired and paired t tests (Mann-Whitney was used for two group comparison, and Wilcoxon signed-rank test for paired samples), and one-way ANOVA tests (Friedman's test) in MATLAB. Throughout the figures, sample statistics are expressed as Means ± SEMs. Statistical significance is shown as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
